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The evolution of the structure factor of off-critical polyolefir{polymethylbutylene/
polyethylbutyleng blends quenched from the homogeneous state to states near the limit of
metastability was studied by small angle neutron scattering. The Cahn—Hilliard—Cook theory was
used to organize the data in terms of three time-independent parameters that depend on the
scattering vectoly: Sp(q), the initial structure factoi$;(q), the terminal structure factor, ai{q),

a kinetic parameter that indicates the time scale for the transformationSgéan to S;(q). These

three parameters change systematically with quench depth. Changes in the structurg(fator

are only observed in thg values smaller than a critical scattering vectpyr, At small quench
depths,q. is obtained becausB(q)—0 asq—q.. At deeper quenches). is obtained because
Si(a)—Sp(q) asq—4g.. Scattering characteristics g q. such as scattering peaks or the lack
thereof arise due to the interplay betwd®g) andS;(q). © 2002 American Institute of Physics.
[DOI: 10.1063/1.1511513

I. INTRODUCTION fluctuations play a dominant role in the series of blends that
) ) ) we have studied, we decided to use the CHC theory to fit the
This paper builds on the preceding pabevhere the ime dependence of the scattering profiles observed at
early stages of phase separation in high molecular weigfgqc_ We find that the CHC theory provides an excellent

polymer blends were studied by time-resolved small angl&tarting point for organizing the data. It also provides insight
neutron scatteringSANS). Our objective was to study the jnto the origin of the critical scattering vectar, .

formation of critical nuclei during the transformation of a

metastable homogeneous mixture to a stable two-phase mix-

ture. We thus studied blends that were located between thé EXPERIMENT
binodal and spinodal curves calculated on the basis of the _ _ :
Flory—Huggins theory. We found that scattering profiles ob- We discuss experiments conducted on a binary

tained during the early stages of phase separation merged ?Iymethyéb;télli}?a/ pfolzethylbutylene(Pll\/(ljB/ P.IFB) bIe_nd, .
a critical scattering vectorny.. We argued that the critical esignate ) of the experimental details are given in

(smallest length scale of the growing structures wRs Ref. 1. The data from B1 and B#he other blends studied in

~1/g.. The purpose of this paper is to focus on changes irﬁef' 1) were also analyzgd using methc_)ds descrlbed. here,
the scattering profiles ai<q, and thereby study the char- and th.ese results agree with our conclusions. For brevity, we
acteristics of structures larger th& . The experimentally only discuss data obtained from B3.

determined dependence Rf on quench depth differed sub-

stantially from predictions based on classical thecfids IIl. THEORETICAL FRAMEWORK EOR DATA

explanation of these differences was recently offered by theanaLysis

theoretical work of Wang and Wod8 who predict that the

regime over which thermodynamics is affected by concentra- The SANS intensity from a polymer blend at a givén
tion fluctuations(also known as the Ginzburg regines  andP is'

much wider than previously envisaged. They concluded that b, b,)\2
the data obtained in Ref. 1 was located within the Ginzburg 1(q,t)= (—— —
regime. Phase separation in systems near the critical point, v1 U2

where fluctuations play a dominant role, is often describedvhereb; is the neutron scattering length of the monomer in
by the Cahn—Hilliard—CooKCHC) theory?~’ Since it has polymer chaini with a monomer volume;, andS(q,t) is
been established by both experiméfits®and theory*that  the structure factor of the blend.

X$(q,1), Y
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If the blend is at equilibrium, the structure factor, IV. RESULTS AND DISCUSSION
Srea(@), in the mean field limit is time-independent, and

given by the random phase approximati@PA),12-14 A series of phase separation experiments were per-
formed using the blend, B3, at 58 °C and various pressures
1 1 2x| 7t between 0.86 and 3.10 kbar, within the metastable region of

Srea(Q) = the mean-field phase diagram. For simplicity we will refer to

+ - 1
Niv1¢1Pa(Q) -~ Nava¢2Pa(a)  vo (27 €ach quench by the quench pressure only, since the quench

temperature was always 58 °C. The time evolution of the
WhereNi is the number of monomer units with a Vo|ume SANS intensity profiles for the different quenches is shown
in polymer chairi, ¢; is the volume fraction of polymear P;  in Figs. 1a)-1(d). A variety of behaviors are seen as a func-
is the Debye function of polymer chain y is the Flory— tion of quench depth. A deep quenidfig. 1(a)] to 3.10 kbar
Huggins interaction parameter, anglis a reference volume, leads to a well-defined scattering peak. The location of the
which for this work is equal to 100 & The Debye function Peak ing-space is independent of time for the duration of the

is given by experimen{294 min. Shallower quenches to 2.00 klj&ig.
1(b)] lead to the development of scattering peaks that move
2 to lower q values with increasing time. The quench to 1.24
Pi(a)=z(e7"+x-1), (3 kbar [Fig. 1(c)] leads to scattering profiles without peaks.

The shallowest quench to 0.86 kd&ig. 1(d)] results in no
wherex=0g’R¢?, R=N;l12/6, andl, . is the statistical change in the scattering intensity for the duration of the ex-
segment length of polymer (see Ref. 1 for values of the Periment(911 min. In the remainder of the paper we focus

parameters on the data obtained at larger quench depffigs. 1a)—
In the Cahn—Hilliard—CookCHC) theory®” the evolu- ~ 1(©)].
tion of the structure factorS(q,t), after the sample is For all of the data, the structure fact8(q,t) is calcu-
quenched from an initial equilibrium state a0 with a  lated froml(q,t) using Eq.(1) andb; andv; values given in
structure factoSy(q), is given by Ref. 1. In Fig. 2 we show the time dependences(d,t) at
q=0.021 nm! for the shallow quench to 1.24 kbar. In this
S(q,t)=S(q) +[Sp(a) — Si(q) Jexd 2R(q)t], (4)  experiment, we see the three stages of phase separation de-

scribed in Ref. 1: a fluctuation relaxation stage whg(e,t)
where S;(q) is the terminal structure factor obtained in the increases rapidly with time a7, an early stage where
t—oo limit, and R(q) is a kinetic parameter that is related to S(q,t) increases slowly with time forr<t=<rg, and a late
the growth[if R(q) is positivg or decay[if R(q) is nega- stage wheres(q,t) increases rapidly again &t 7¢. ldenti-

tive] of Sy(q). For convenience, we define fication of the end of both the fluctuation relaxatior) and
early (rg) stages was discussed in detail in Ref. 1, and are
AS(q) =Sp(a) — Si(q)- (5)  shown by the arrows in Fig. 2. For the deeper quenclfes (
>1.24 kbar) we observed only the early and late stages.
The time-dependence &(q,t) in Eq. (4) is thus governed For the 1.24 kbar quench, we defing as the beginning
by threeq-dependent parametei(q). of the early stage. It is evident from Fig. 2 that the crossover

It has been shown that the CHC the¢Bq. (4)] is ap-  between the early and late stage is gradual. Thus, it is diffi-
plicable to quenches from one single-phase equilibrium statgult to determine the exact end of the early stage of phase
to another>'®In this caseS,(q) is positive at all values of separation. For this work, we define the end of the early
q because the terminal state is at equilibrium, &{d) is  stage,rf, as the last time at which the CHC theory can be
negative at alk. Equation(4) thus describes a smooth tran- gpplied to the data. In Fig. 2 we show the result of the fit of
sition from Sy(q) =Sgpa(q) of the initial state t0S(q)  the CHC theory[Eq. (4)] to S(q,t) betweenrr (47 min)
= Sgea() of the quenched state. When blends are quenchegt<664 min for the 1.24 kbar quench. In this time period
from the single-phase state into the unstable re§icf,Eq.  the CHC theory describes the changeS{a t) well. At later
(4) applies to the early stages of spinodal decomposition. Ifimes, however, we find significant deviations between the
this regime,R(q) is positive over a range af values indi-  measured(q,t) and the CHC theory. Thus, for this quench
cating exponential growth of concentration fluctuations with ;. = 664 min.
certain characteristic lengths. The growth rate is maximum  Eqor the deeper quencheB ¥ 1.24 kbar), we see the de-
at a finite Scattering VeCtoqp, gIVIng rise to the familiar Veiopment of a Scattering peak%’ indicating the forma-
peak in the scattering intensity profile during spinodal de+jon of a periodic structure with a characteristic length scale
composition.S,(q) for unstable blends is negative in the of 1/q [Figs. Xa) and Xb)]. The location of the scattering
range q<qc, positive atq>q., and contains a pole at peak is determined by fitting a Gaussian curve to the ten
q=dc. S(q) is often called the virtual structure factor due points closest to the estimated scattering peak,
to the presence of negative values and a singul&rior
sufficiently deep quenche§y(g)>S;(q) in the vicinity of —2(q—qp)2
dp and Eq.(4) reduces to the well-known Cahn—Hilliard ' =!p®Q—— 2=/
equatiorﬁ,12,17,25—28

)

wherel, and o are measures of peak intensity and width,
S(q,t)=Sp(q)exd 2RcH(q)t]. (6) respectively. The time dependence of the peak posiion
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FIG. 1. The time dependence of the absolute scattering inteh@iyys the scattering vectog,for the B3 blend during phase separation at 58 °C(@h8.10
kbar, (b) 2.00 kbar,(c) 1.24 kbar, andd) 0.86 kbar. From small to large intensity the SANS profiles are for titae8 min, 77 min, 141 min, 189 min, 231
min, 252 min, 273 min, and 294 mify) 3 min, 153 min, 211 min, 253 min, 295 min, 337 min, and 379 min, @& min, 475 min, 569 min, 694 min, 788
min, and 945 min. Insets: Log—log plots i) vs . From small to large intensity the SANS profiles are for tif@s min, 64 min, and 141 mir(b) 6 min,

58 min, and 130 min(c) 3 min, 54 min, 412 min, 538 min, and 663 min. The arrows indicate the locatigg ,ofhe critical scattering vector, as determined
in Ref. 1.

P = 1.24 kbar
107 3 T M T T v T T T M T

thus obtained for the three deepest quenches is shown in Fig. [ o . ]
3(a).%° At shallower quenche&.00 kbar and 1.66 kbawe o , ab
see a clear trend toward decreasmgat long times. A de- 0 ]
crease i, indicates coarsening of the early stage structure,
or the end of the early stage where the CHC theory is ex-
pected to applys¢ values for the deep quenches are thus
assumed to be the time at whigl begins to decrease with
time, and are indicated by the arrows in Figa)3 It is evi-
dent in Fig. 3a) that all of the data from the deepest quench
(3.10 kbay lie within the early stage.

The dependence (nﬁ, obtained during the early stages, L L
on quench depth is shown in Fig(k3. For consistency we 0 200 400 600 800 1000
use the largest value of, measured during the early stage in time (min)
this plot. As in Ref. 1, we usg/ x to quantify quench depth,
wherey is the Flory—Huggins interaction parameter at the FIG. 2. The structure_factoS(q',t), vs time atq=0.021 nrﬁl for the 1.24

. . . kbar quench. The solid curve is the best least-squares fit of the CHC theory

and!:) values at WhICh the phase separatlop experiments Wer[%q. (4)] of the data for 4%t<664 min. The arrows indicatg: , the end of
carried out, ands is the value ofy at the spinodafthrough-  the fluctuation relaxation stage; , the end of the early stage in Ref. 1, and
out this paper, spinodal implies the mean-field spinpddle 7, the end of the early stage in this work.
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0.008 —— ——— FIG. 4. The structure factog(q,t), vs time fort<119 min at selected for
s the 1.24 kbar quench. The solid curves are the least-squares fits of the CHC
0.007 F theory [Eq. (4)] through the data. These fits enable the determination of
: So(a), Si(a), andR(q).
0.006 ¢
« 0.005 F
E/ 0.004 F
g ; <7¢) and the early stage of phase separatiop<(t<r¢).
0.003 t The CHC theory has been used successfully to describe the
0.002 F decay in the concentration fluctuations when a sample is
1 quenched from one stable homogeneous state to artotfer.
0.001 ¥ Since the fluctuation relaxation stage is a similar response,
0.000 ————L— et except for the fact that the system is quenched to a meta-
0.6 0.7 0.8 0.9 1.0 1.1 bl . bl | h
™ stable state, it appears reasonable to apply (Epto the

s fluctuation relaxation stage. In Fig. 4, we show the time de-
FIG. 3. (a) Theq value with the largest intensity,,, vs time for the three pendence oS(q,_t) at selec'_teaq for the 1.24 kbar quench on
deepest quenches performed on the B3 blend. The arrows indicathe B3 for t=<<119 min. The solid curves through the data are the
end of the early stage of phase separation for the 2.00 kbar and 1.66 kbésast-squares fits of the CHC equatidfy. (4)] with R(q),
qguenches(b) A plot of qg andq§ vs quench depth, wheug, , is the largest SO(Q)y and S[(q) as adjustable parameters. We chose 119

measured value o, for each quenchy is the critical scattering vecto, . - - . .
is the Flory—Huggins interaction parameter at the quénahdP, andy; is min as the upper time limit because the scattering profiles

the Flory—Huggins interaction parameter at the spinodal. The solid lines ar@btained between 47 minr¢) and 119 min were not signifi-
the best least-squares linear fit through the data and their equations are giveantly different. Also choosing a smaller upper lir@tg., 80
in the text. min) does not have a significant effect on the results. These
fits enable the determination B{q), Sy(q), andS(q). Our
results are limited toq<<0.031 nm'%, due to the lack of
change ofS(q,t) in the g>0.031 nm'* window. R(q) ob-
tained from the CHC analysis is shown in Figap As ex-
pected,R(q) is negative over the entirg window. In Fig.
5(b) we show theq dependence d§, by filled symbols. The
open symbols in Fig.®) represent the first measured struc-
ture factor[S(q,t=3 min)]. It is evident thatSy(q) is in
good agreement with the measur8fg,t) at early times.
Also shown in Fig. o) is Sgpa(q) at 58 °C and 0.03 kbar
(solid curve, the state of the sample just prior to the quench.
The agreement betwe&gpa(q) andSy(q) is significant be-
cause there are thus no adjustable parameters. In &Ep. 5
we plot S(q) obtained from the CHC fits,S(q,t
=119 min), the structure factor at the last time used in the
fits, andSgpa(q) at 58 °C and 1.24 kbaisolid curve. Evi-
dently the terminal structure factor is larger in magnitude
A. Shallow quench depth  (1.24 kbar) than Sgpa(q). This indicates that the metastable “plateau”
The data obtained from this quench fall into two clearly reached by the system as it crosses over from the fluctuation
different regimes: the fluctuation relaxation stage<¢O relaxation stage to the early stage of phase separation is

relationship between the quench pressure ghgl is given
in Table V of Ref. 1. Also shown in Fig.(B) is the depen-
dence ofqg, the critical scattering vectdron y/xs. The
dependence of botqg andq§ on x/ xs can be approximated
by straight lines: g;=—0.00503+0.0067%/ys and qZ
=—0.0145+0.021%/ x. Note,q,— 0 at x/ xs=0.75 while
g.—0 at x/xs=0.68. It is clear that scattering peaks in
S(q,t) are observed well outside the spinodgl ¥s<1). In
the range 0.68 x/xs<<0.75 we expect scattering curves
without peaks but with a critical scattering vector. The ratio
dc/dp is about 2, regardless of quench depth.

We now analyze the fuli-dependence of the measured
time-dependent structure factor.
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FIG. 5. The resulting fit parameteta) R(q), (b) So(q), and(c) S(q), vs
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(c) is Sgpa(q) for the B3 blend at 58 °C angb) 0.03 kbar andc) 1.24 kbar.
The error bars show the average error in the parameters.
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FIG. 6. The time dependence of the structure fac®nq,t), for rg<t
<7t at selectedy from the 1.24 kbar quench. The solid curves are the
least-squares fit of the CHC thediq. (4)] through the data. The param-
etersSy(qg), Si(q), andR(q) are determined from the fits.

squares fits of Eq(4) (solid curve$. Of course, the CHC
analysis can only be done in the regime whé&(e,t) in-
creases with time and is thus limited to the q. range. The
actualg-range over which the analysis was carried out dif-
fered slightly fromq, because the crossover from a time-
dependeng(q,t) to a time-independerg(q,t) is not abrupt
(see error bars in Fig. 9 of Ref).10ur analysis of the 1.24
kbar quench is thus limited t9<0.038 nm'%. In Fig. 7(a),

we showR(q) obtained from the CHC analysiS Unlike the
results obtained from within the fluctuation relaxation stage
[Fig. 5@], R(qg) is positive and decreases continuously
across they window. The decrease R(q) with increasingg

is an indication that the concentration fluctuations with
smaller length scales grow more slowly. It is clear that the
dynamics observed here are not consistent with a simple dif-
fusive process, which would lead to the opposite result.
FunctionsSy(q) andS;(q) are shown in Fig. (). Sy(q) and
Si(q) have very similar magnitudes and decrease monotoni-
cally with increasing quench depth. In Fig(cY we show
AS(q)=Sy(q) — Si(q). Itis evident here thah S(q) is rela-
tively small and appears to be independent @i the acces-
sible g-window.

We determined thati,=0.050+0.006 nm* for the 1.24
kbar quencH. In principle, the merging of the scattering
curves atq, could be due taAS(q.)—0 and/orR(q.)—0.
Figures Ta) and 7c) enable resolution between these possi-
bilities. The data in Fig. (&) show thatR(q) decreases rap-

characterized by larger concentration fluctuations than wouléflly With increasingg. A simple linear extrapolation, indi-
be obtained if the state were stable. This increase is quantfated by WE 2{19 in Fig. (8), indicates thaR(q)—0 atq
fied by the difference between the data and the curve ir=0.051 nm =.*" This is very close to the measured value of

Fig. 5(c).
In Fig. 6 we show the time dependenceS§fy,t) during

the early stage of phase separatigg=t< 7 and the least-

dc. In contrast, the data in Fig.(@) show thatAS(q) re-
mains finite in ourg-window. The location ofj. for the 1.24
kbar quench thus appears to be determinedRfy).

Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 19, 15 November 2002

(a) P =124 kbar
4.010°
35107 2 S
30107 %2,
25107 % :
20107 .
15107 F
1010° | :

R (1/min)

5010" F 3

N

0'0100:....l....l....|‘...|....|....‘l..l
0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055

q(m™)

(b) P =1.24 kbar
3,0105_....,....,....,...._
[ = S@|]
5@ |

on
on
(e}

2510° F

on
on

2010° F i ]
[ ) ]

on

—o—i |
o}
o}
|

1.510° F

S() (A%

1.010° F °

5010° F :

00100 Lo e
0020 0025 0030 0035  0.040

q(nm’)

(c) P =1.24 kbar
1105_....,,..........,r

AS(q) (A%
BN
’5;

210* F o ° o ]

010" 1

_2104.....|....|....|....
0.020 0.025 0.030 0.035 0.040

q(nm™)

FIG. 7. Theq dependence df) R(q), (b) Sy(q), andS;(q) from the fit of

the CHC theoryEq. (4)] to the 1.24 kbar quench data during the early stage

Phase separation near the limit of metastability 9079

P = 2.00 kbar

1.4 10° ———r—————— ]
. —©—0.021 nm™ ]
1.210° F ]
| —5—0.033nm" i
1.0 106 [ | —°0.050 nm™ ..
. [ | = 0.062 nm™ ]
< 8.0 10° ||~ 0.084 nm’ .
2 6.010° .
/5] J
4.0 10° ]
2.010° ]
0.0 10° : ]

0 50 100 150 200

FIG. 8. The structure facto8(q,t) vs time att< 7z and selectedj for the
2.00 kbar quench on B3. The solid curves are the best least-squares fit of the
CHC theory{Eq. (4)] through the data, enabling the determinatiorsg(fg),

S(a), andR(q).

ues. It is evident that the increaseS(q,t) with time can be
described by the CHC theory. The curves in Fig. 8 are the
least-squares CHC fits through the data. The range of appli-
cability of the CHC analysis wag<0.085 nm*. In Fig.

9(a) we showR(qg). We find thatR(q) increases with in-
creasingq for q<0.035 nm', and then appears to be con-
stant at largeq. FunctionsSy(q), S(q), andSgpa(q) at 0.03

kbar and 58 °C are shown in Fig(l). We find thatSy(q)
decreases with increasirggand is similar toSgpa(Q). It is
evident, however, thaSy,(q) is significantly larger than
Srea(0) over the entireg range. The reason for this differ-
ence is made clear in Fig.(®. The symbols in Fig. @)
represent typical time-dependent structure factor data and the
solid curve is the least-squares CHC fit. While the CHC
theory adequately describes the overall changes(iq,t)

with time, a systematic deviation is found at early tiniés
<35 min in Fig. 9¢)]. In this regime, indicated by the filled
symbols in Fig. &), the measured value &{(q,t) falls be-

low the CHC curve. It appears as though the structure factor
at time zeroSy(q), is larger than the measured scattering at
t=0. It is likely that this apparent discrepancy is due to
fluctuation relaxation. It is unreasonable to expect the fluc-
tuation relaxation stage to appear suddenly at a quench pres-
sure of 1.24 kbar and be completely absent at higher pres-
sures(e.g., 1.66 and 2.00 kbarHowever, due to the larger
quench depths at the higher pressures, we see a rapid onset of
phase separation. This prevents a clear resolution of the fluc-

(data shown in Fig. 6 The dashed line ifa) is the best least-squares linear tuation relaxation stage and the early stage of phase separa-

fit of the data(c) AS(q), calculated from the data iv) vs g. The error bars
show the average error in the parameters.

B. Intermediate quench depths (2.00 kbar)

tion. We thus propose that the data obtained at very early
times (t<34 min) are effected by fluctuation relaxation to a
metastable structure characterized by a structure factor of
Sp(q). As can be seen in Fig.([d), Sy(q) is larger than that
expected from a perfectly homogeneous mixture at 2.00 kbar

The data obtained at 2.00 kbar and 1.66 kbar are similarSgpa(q)]. In this respect, the 2.00 and 1.24 kbar quenches
[Figs. Xb) and Xc)]. For brevity, we thus discuss details of are similar.
the 2.00 kbar quench only. Figure 8 shows the time depen- As seen in Fig. @), S/(q) at 2.00 kbar is positive over

dence ofS(q,t) for the 2.00 kbar quench at selectgdal-

the entireq window. At q<0.05 nm %, S,(q) appears to be
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FIG. 9. Theq dependence af) R(q), and(b) Sy(qg), andS,(q) from the best least-squares fit of Ed) to the 2.00 kbar quench data during the early stage
(data shown in Fig. 8 The solid curve in(b) is Sgpa(q) at 58 °C and 0.03 kbafc) S(q,t) vs time att< 7£ andg=0.030 nn1 ! for the 2.00 kbar quench. The
solid curve through the data is the least-squares fit of the CHC tieqry4)]. (d) AS(q), from the data shown itb), vs g. The error bars show the average
error in the parameters.

an increasing function ofj (the noise in the data prevent us C. Deep quench (3.10 kbar)

from being certain At g>0.05 nm!, however,S,(q) ap- . :
proachesSy(q) and decreases with increasiggin Fig. 9d), . The time dependence &(q,1) at selectedq_values dgr .
we show theq dependence oAS(q) for the 2.00 kbar ing the early stage for the 3.10 kbar quench is shown in Fig.
quenchAS(q) is a monotonic function of and ap.proaches 10. The scattering intensity increases with time in a manner
a value close to zero af~0.07 nnT. The value ofg, for j[hat.is consistent with the CH.C theolzq. (4)].. The curves
this quench is 0.07£0.007 nm . The fact thatR(q) re- in Fig. 10 are Igast-square; fits of He). In F'g; 1J'(a)7,1we
mains finite asgyj— q. [Fig. 9(a)] indicates that the existence show ”‘g‘R(Q{ |lncr§a§es sllghtly from 5>51071 min~= to
of a critical scattering vector at intermediate quench depths i8-8 10~ min = with increasingq<0.045 nm = and then
decreases with increasing In Fig. 11(b), we show that

due to the fact thah S—O0. : o : . .
The peak inS(q,t) is the most time-sensitive part of the So(0) is a positive and monotonic function gf The curve in

structure factor. We thus expedtS(q) and/orR(q) to be  Fig- 11b) is Sge(q) at 58 °C and 0.03 kbathe state of the
large in the vicinity ofq,. The simplest case would be Sample just prior to the quenchiNe find reasonable agree-
wherein we obtain a peak in eithAiS(q) and/orR(q). Itis ~ ment betweery(q) and Sgpa(q) at this quenctisimilar to
clear from Figs. €8) and 9d) that this is not the case; both the agreement noted in Fig(]. This agreement indicates
AS(q) and R(q) are monotonic functions ofl. However, the lack of importance of fluctuation relaxation in the deep
R(q) is an increasing function af in the q<q, range[Fig. quench regimeS;(q) is a nonmonotonic function od, as
9(a)] while AS(q) is a decreasing function af in the q  seen in Fig. 1(b). It is positive at lowq, and decreases with
>q, range[Fig. Ad)]. It is clear that the peak i$(q,t)  increasingy until it reaches a minimum of5x10"* A% at
arises due to the combined effect®fq) andAS(q). g~0.05 nm !, before increasing to a value closeSg(q) at

Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 19, 15 November 2002

B3, P =3.10 kbar

Phase separation near the limit of metastability

9081

(a) P =3.10 kbar

4.0 10 6.0 10° [
3.5 1065- 0.021 nm’ [ 24 an® AAAA AAAA.
|~ 0.0450m” N a N
3.0 106:' —%—0.054 nm" 5510 A % o, .
F —F— -} b Fay
6 0.062 nm -
'T.: 2510 f | > 0.076 nm” E \ 2B, N
= 2.0 10°F| —*0.101 nm’ 55.0 10° | a, 1
) s an i
7 1510% a P O
3 ]
1.0 10°F 451077 R ]
5.010°F t ;
e i NN 4.0 107 b b b
0.0 10 5" 100 150 200 250 _ 300 002 003 004 005 006 007 008
t (min) q(nm™)
FIG. 10. The structure facto§(q,t), vs time at selected for the 3.10 kbar 2010° (b)P=3.10 kbar

quench. The solid curves are the least-squares fits of the CHC eq[&tjon
(4)] through the data.

large g. S;(q) is negative over a substantial portion of our
g-window, from 0.04 nm<q=<0.07 nm 1.

The g dependence ok S(q) for the 3.10 kbar quench is
shown in Fig. 11c). It is evident thatAS(q) peaks atq
~0.05 nm *. This peak is almost at the same location as the
peak in$(q,t); q,=0.045 nm L. It is clear that the peak in
S(q,t) is due mainly to the peak iAS(g). However, the
shape and detailed location of the scattering peak is affected 1 sE o
by the g dependence of bothS(q) [Fig. 11(c)] and R(q) T 002 004 006 0.8
[Fig. 11(@)]. The lowq side of the scattering peaks seen in q@m™)
the 3.10 kbar quench is mainly affected by thdependence
of AS(q); R(q) is a weak function ofj in this regime. The

structure factor (A%)

0.10 0.12

(¢) P =3.10 kbar

high q side of the scattering peaks seen in Fitp) Jare af- 2010 —m—r——m—
fected by decreases in boAS(q) andR(Qq). i

In Ref. 1 we determined that for the 3.10 kbar quench, [ |
q.=0.088+0.006 nm 1. As is seen in Fig. 1t), AS(q) de- 1510° | o ]
creases from its value at the peak by about two orders of _ - 9605 ¢,
magnitude ag. is approached and at>q. appears to ap- '35 ] o <><>O °
proach a value close to zero. This is the same trend observecz 1.0 10° F % i
in the 2.00 kbar datfFig. 9(d)]. In contrastR(q) decreases 9§ L o s
by only about 20% betweem, andq, . This implies that the W bo 0.
critical scattering vector at 3.10 kbar arises due to ¢he 5.010° ° MA ]
dependence oA S and notR. - %, o .

0 0 100 [ PRI ST DI | .o.dulb?&.oooﬂ

D. Applicability of Cahn analysis 0.2 0.04 O.O6q(n21.9§; 0.10 012

We have demonstrated above that the CHC theory de-

scribes the changes in the structure factor with time durinﬁ'G- 11. Theq dependence d@) R(q), and(b) S(q), andSy(q) from the
st-squares fit of the CHC thedjiq. (4)] to the 3.10 kbar quench data

fche early stages of phase separation for all Qf the quenches.( ta shown in Fig. 10 (b) The solid curve isSzes(q) at 58 °C and 0.03

is expected, however, that the Cahn analf&is. (6)] should  kpar.(c) AS(q), calculated from the data ifb), vs g. The error bars show

be adequate at deeper quenches wBgfq)>S;(q). Thisis  the average error in the parameters.

demonstrated in Fig. 12, where we plotf{3u,t)] at q

=0.025 nm ! versus time for the deep quench. The line

through the data represents the least-squares fit to the Cahn—

Hilliard analysis[Eqg. (6)]. Also shown in Fig. 12 is the time the intermediate quench depth data. Because the CHC pro-
dependence of [i%q,t)] at q=0.025 nm ! obtained at the vides a unifying framework for analyzing all of the data and
shallow quench depth. It is clear that the Cahn analysishe Cahn analysis does not, we have focused on the results
would fail completely in this regime. This was also true for obtained from the CHC analysis.
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The Cahn-Hilliard—Cook theory was used to analyze "€ st
; it ; ; 1.010° ¢ ]
the evolution of off-critical, binary polyolefin blends = :

quenched into the metastable region of the mean-field phas®” 5 g 10* | O 0
diagram. The dynamics are characterized by obtaining the ol ' w0 Oooqﬁ
time-dependent structure factgfq,t) from SANS measure- 0.010 ]
ments. The rich variety of time dependencies, seenin Fig. 1, _.s5010*F
are recast in terms of threg-dependent but time- sE L L
independent parameterSy(q), the initial structure factor, -1.0 100.00 0.50 1.00
Si(q), the terminal structure factor, ariR(q), the rate of ng
growth of the structure factor. At deep quench8g,q) is
identical to that predicted by the RPA at the quench condi¥IG. 13. The dependenca) R and(b) S; on R, for all of the quenches on
tions. As quench depth decreases, we see the gradual appe‘a?-BC*’t:'e”dly Whef‘/?g i? the fagius of g}):ratTtirfan of the polygners. 'll;hote Iegentcri]
ance of a luctuation relaxation stage pror to phase separgies,r e O, or each auench, e coriesponcence betueen e
tion. The distinction between the fluctuation relaxation stagéndicate where the intermediate and deep quenches deviate from the univer-
and the early stage of phase separation becomes clearer wii curve.
decreasing quench depth. The structure factor at the end of
the fluctuation relaxation stage is larger than that predicted
by the RPA. Metastable states formed at shallow and inter-
mediate quench depths thus have fluctuations that are someith quench depthR is independent ofjR; during deep
what larger in magnitude than those that would be obtained ifluenches, increases witfR, at intermediate quench depths
the sample were at equilibrium. It is evident, however, thatand, decreases withR, at shallow quench depths. Of par-
the RPA provides a reasonable starting point for the underticular interest is the fact thaR—0 asg—q. at shallow
standing ofSy(q). quench depths. In contras$, shows unremarkable, mono-
There are no theories that address functiBig), and  tonic behavior at shallow quench depths and more interesting
Si(q). The effect of quench depth on these functions is sumbehavior at deep quench depths. This is shown in Fi¢h)13
marized in Fig. 13. We usgR; as the abscissa in Fig. 13 At largeqR;, S; approaches a universal curve that is quali-
because this combination occurs naturally in many knowrtatively similar to that predicted by the RPA structure factor.
static and dynamic structure factoRy, the radius of gyra- The S; curves deviate from this universal curvec, val-
tion of our polymers, is 161 nm. It is well-known that ues that increase with increasing quench depth. The arrows
phase transition kinetics are affected by both thermodynamim Fig. 13b) indicate theqR, values where these deviations
driving forces and kinetic factors such as the viscosity of thebecome evident. For deep and intermediate quenches these
medium. This leads to a maximum in phase separation kideviations are evident in the vicinity @f~q.. The magni-
netic rates at intermediate quench depths. Evidence for sudhde of the deviations increases with increasing quench depth
a maximum is clearly seen in Fig. 8. The magnitude oR, leading to a minimum at the deepest quench depth in the
which is a measure of the rate of the phase separation, igcinity of gR;=1 and negative terminal structure factors
largest at intermediate quench depjfixs=0.92. The de- over a substantial portion of owR -window.
pendence oR on gR, shows the following systematic trends We hope that our observation of trends R(qRy),

1.50 2.00
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